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Abstract. Modern avionics equipment, such as superresolution
direction-finding systems (frequency band 0.3 to 3 MHz), now require
resolutions greater than 15 bits. Oversampled analog-to-digital converter
architectures offer a means of exchanging resolution in time for that in
amplitude and represent an atiractive approach to implementing preci-
sion converters without the need for complex precision anatog circuits.
Using oversampling technigues based on sigma-delta (£A) modulation,
a convenient trade-off exists between sampling rate and resoiution. One
of the major advantages of integrated optics is the capability to efficiently
couple wideband signals into the optical domain. Typically, ZA proces-
sors require simple and relatively low precision analog components and
thus are well suited to integrated optical implementations. The current
%A methodology is reviewed and the design of the single-bit, integrated
optical ZA modulator is presented. Simulation results for both first- and
second-order architectures are presented by evaluating the transfer
characteristics numerically. A 16-bit f;=1 MHz design (oversampling ra-
tio of 132) is also quantified. © 7996 Society of Photo-Optical Instru-
mentation Engineers.
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1 Introduction

Analog-to-digital converters (ADCs) are basic building
blocks for a wide variety of digital systems. A partial list of
ADC applications includes process control, automatic test
equipment, video signal acquisition, audio recordings for
compact discs, and interfaces for perscnal computers.
There exists a variety of approaches to the ADC design.
One approach, known as delta modulation, involves the use
of oversampling methods. First introduced in the 1940s,
delta modulation uses oversampling and single-bit code
words to represent the analog signals.! The simplest ap-
proach counted the output bits from the delta modulator
with a high bit representing a+1 and a low bit representing
a—1. The output was then resampled at the Nyquist rate.
Resolution proved to be a problem, since achieving ad-
equate reproduction of speech signals required oversam-
pling ratios of the order 5000. More effective digital filter-
ing was needed to prevent the high-frequency modulation
noise from aliasing into the signal band when it was resa-
mpled at the Nyquist rate.

Unfortunately at that time, digital filters used for this
purpose were prohibitively expensive. Candy proposed an
interpolative technique for digital filtering.” The idea was to
digitize the signal through the use of a coarse quantizer and
cause the output to oscillate between the guantized levels at
high speed so that its average value over the Nyquist inter-
val was an accurate representation of ‘the sampled value.
The digital filters used to generate this average were inex-
pensive. On the other hand, these digital filters also proved
to be reliable and fairly tolerant of circuit imperfections.
The quantizers for these interpolating converters utilized a
noise-shaping technique that measures the quantization er-
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ror in one sample and subtracts it from the next input
sample value.’ The most popular form of this noise-shaping
technique is known as sigma-delta (£2A) modulation. Sigma
delta modulators employ integration and feedback in itera-
tive loops to obtain high-resolution analog-to-digital (A/D)
conversions.

Specifically, a sigma-delta modulator (2AM) consists
of an analog filter and a quantizer enclosed in a feedback
loop.* Together with the filter, the feedback loop acts to
attenuate the quantization noise at low frequencies while
amplifying the high-frequency noise. Since the signal is
oversampled at many times the Nyquist rate, a digital low-
pass filter can be used to remove the high-frequency
quantization/modulation noise without affecting the signal
band. This filtering usually involves a multistage decima-
tion process since the output of the modulator represents
the signal with the high-frequency modulation noise as well
as its out-of-band components, which dominate at the lower
frequencies. In general, the smoothing characteristics in-
volved in the decimation process require that the signal
propagate through several filters and resampling stages.
The first stage of decimation lowers the word rate to an
intermediate frequency, where a filter removes the high-
frequency modulation noise. A second low-pass filter is
then used to attenuate the out-of-band components before
the signal is resampled at its Nyquist rate. As the signal
propagates through the filters and resampling stages, the
word length increases to preserve the resolution. A more
thorough discussion of multistage decimation and filtering
can be found in Ref. 1.

The transmission of coherent light through optical
waveguides has been of great interest ever since the late
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Fig. 1 Block diagram of a first-order ali-electronic TAM.

1960s. Through this interest emerged the concept of inte-
grated optics, in which wires and radio links are replaced
by light-waveguiding optical fibers and conventional elec-
trical integrated circuits are replaced by miniaturized opti-
cal integrated circuits (OICs). Optical components offer a
number of advantages over their electronic counterparts.
These advantages include large bandwidth, use of optical
sources capable of high-speed switching [which is neces-
sary for high pulse repetition frequencies (PRFs)], low
power consumption, improved reliability, and insensitivity
to vibration and electromagnetic interference (EMI). A key
advantage is the increased characteristic bandwidth over
electronic components. The carrier medium is a lightwave
rather than an electrical current. Thus the frequency limit-
ing effects of capacitance and inductance can be avoided.
Since electronic converters based on 2A modulation re-
quire oversampling, their applicability is mainly limited to
low and moderate signal frequencies. The use of optical
integrated components provides an attractive solution to the
otherwise bandlimited electronic 2A architecture. Previous
researchers have investigated the use of multiple-quantum-
well self-electro-optic effect devices within a bulk-optic er-
ror diffusion architecture.’> A first-order modulator was
demonstrated® at a sampling frequency of 1 kHz. The ex-
tension to a second-order architecture was proposed in Ref.
7. Vibration, thermal instabilities, atmospheric turbulence,
and scattering can, however, impose severe problems for
these types of free-space processors, eliminating their use
on platforms that are mobile or airborne.

This paper describes a single-bit, integrated optical
2 AM approach. In Sec. 2, the all-electronic A modulator
is reviewed. Both first- and second-order architectures are
discussed. Analysis and simulation results for both the first-
and second-order models are presented. In Sec. 3, an inte-
grated optical architecture for a first- and second-order A
modulator is introduced. The optical devices used for
implementation are explained and compared at a compo-
nent level to the all-electronic design. Simulation results
are presented and analyzed. In Sec. 4, the relationship be-
tween oversampling and resolution is detailed and dis-
cussed in terms of the modulator SNR. In Sec. 5, a 16-bit,
fo=1 MHz design (oversampling ratio=132) is described
in detail. Finally, issues concerning the current simulation
model and future efforts are discussed.

2 All-Electronic, Single-Bit 3A Modulators

2.1 First-Order2AM

A sampled-data equivalent of a first-order ZAM is shown
in Fig. 1. Because this is a sampled-data circuit, the inte-
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Fig. 2 First-order ali-electronic SAM: (@) comparator output and
sampled input and (b) output of accumulator stage.

gration is performed via an accumulator. The analog signal
is assumed to be oversampled at well above the Nyquist
frequency. This sampled input x; is fed to the quantizer via
the accumulator. The quantized output, which can be mod-
eled as an approximation of the quantization error, is fed
back and subtracted from the input. This quantized, feed-
back signal forces the average value of the quantized output
¥; to track the average value of the input signal. Any dif-
ference accumulates in the integrator and eventually cor-
rects itself.

The quantization error is subtracted from the input value
and the difference becomes the input for the next cycle.
After the process is repeated many times at high speed, an
average of the digital outputs occurring in each sample time
becomes a useful digital representation of the input signal.
In a stable converter, the oscillations of the quantized value
are bounded, that is, it has a limit cycle. In general, this
quantization process can be performed over more than one
quantization level.! By this process, it can be seen that the
speed of operation obviates the need for precise circuit el-
ements. Precision in the quantization levels of the quantizer
is not a stringent requirement since the average of the quan-
tized output y; will automatically be adjusted to agree with
the sampled input analog signal x;. Therefore the output of
the ZA modulation process can provide a high level of
precision in the representation despite coarseness in the
quantization levels.

The input/output transfer characteristics of the first-order
2 AM are plotted in Fig. 2(a). The signal oscillates between
the quantized levels in such a manner that its local average
equals the average input. For this example the input signal
is ramped with 200 samples with a =1 V range. The com-
parator output voltage is =1 V with the threshold voltage
set at 0 V. Figure 2(b) shows the limit cycles at the output
of the accumulator. These simulation results are in agree-
ment with previously reported predictions for first-order
%A modulators.’

2.2 Second-COrder 2AM

Although the first-order model is the simplest, the quanti-
zation noise is highly correlated to the input, resulting in
excessive limit cycles. Extending the architecture to a
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Fig. 3 Block diagram of a second-order all-electronic SAM.

second-order modulator eliminates a number of instabilities
and increases the reliability of the circuit. However, higher
order designs (greater than 2) suffer from instability due to
the undesirable limit cycles (bounded oscillations) which
result in the accumulation of large signals in the
integrators.*

A sampled-data equivalent circuit diagram of a second-
order electronic £ AM is shown in Fig. 3. The first accu-
mulator, which embeds the delay in the feed-backward
path, has a transfer function given by

A
Hi(z)= =31 (1

where the coefficients A and B are the gains of the system.
The second accumulator stage embeds the delay in the
feed-forward path. Its transfer function is given by

Ccz!
Hy(z2)= —=—=7, 2)
1-Dz

where coefficients C and D are the loop system gains. For
this example all coefficient values are ideally set at unity.
As in the first order 3, AM, the comparator output voltage is
*1 volt with the threshold voltage set at zero volts.

The response of the second-order ZAM is illustrated in
Fig. 4. The input used for simulation consists of 200 data
samples ramped from —1 V to +1 V in increments of 0.01
V. The duty cycles of the quantizer output are weighted
toward the average value of the input. That is, at the start of
the ramped input the duty cycles are weighted toward the
bottom-level quantization [Fig. 4(a)]. Toward the center of
the input, the duty cycles are at about 50%. At the high end
of the ramp, they are weighted toward the top-level quan-
tization. Figure 4(b) shows the signal value at the output of
the accumulator stages. From the output of accumulator 1,
it can be easily seen that the output is oscillating about the
ramped input range of —1 to +1 V. Results of the second-
order modulator illustrate how a second feedback loop at-
tenuates the excessive limit cycles (due to high correlation
of the quantization noise) found in the first-order
modulator.’

Although not part of the current modulator investigation,
a decimation filter can then be used to resample the quan-
tized signal at the Nyquist rate. This serves to eliminate any
out-of-band quantization noise. It also determines the ratio
of the sampled, quantized outputs over the Nyquist interval.
This average value proves to be highly representative of the
mput value.
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Fig. 4 Second-order all-electronic ZAM: (a) comparator output and
sampled input and (b) input at first and second accumulator stages.

3 Integrated-Optical, Single-Bit 2A Modulators

3.1 First-Order SAM

A block diagram of a first-order integrated optical ZAM is
shown in Fig. 5. In applying optical integrated components
to a A architecture, a first-order model is first simulated.
In the integrated optical design, laser pulses from a mode-
locked laser are used to oversample the rf signal. To gain a
better understanding of the model, the integrated optical
components used are described in detail.
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Fig. 5 Block diagram of a first-order integrated optical ZAM.
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Fig. 6 Schematic diagram of an MZi in a push-pull configuration.

3.1.1 Mach-Zehnder interferometer

The Mach-Zehnder interferometer (MZI) is used to effi-
ciently couple the wideband rf signal into the optical do-
main. It also serves to subtract the feedback signal from the

input signal. Figure 6 shows a schematic diagram of an ~

MZI. The input pulse is split into equal components, each
of which propagates over one arm of the interferometer.

The optical paths of the two arms are equal. If no phase .

shift is introduced between the interferometer arms, the two
components combine in phase at the output and continue to
propagate undiminished. For the current design, a three-
electrode configuration is used to achieve a push-pull phase
chanoe The push-pull effect increases the phase change
efﬁc1ency of the device. This configuration is utilized to
subtract the feedback signal from the next input value. To
take advantage of this push-pull configuration, the feedback
voltage polanty from the comparator must be reversed The
transfer function of the MZI can be expressed as

Low=Iyf{ 5+ 7 cos[Agp(v)+ 6]} 3)
where

2mn3rTLv
Ag(v)= e (4)

is the voltage-dependent phase shift and is a function of the
effective index of the optical guide »,, the pertinent
electro-optic coefficient r, the interelectrode gap G, the
electrical-optical overlap parameter I', and the free-space
optical wavelength A. The modulation voltage,
v=V;— Vg, serves to subtract the feedback signal from
the next input value.

The method of accumulation involves the magnitude of
the signal to be accumulated and the direction of accumu-
lation. In the case of the first-order S AM, two interferom-
eters are used for the accumulator stage. One interferometer
provides the magnitude for the accamulator. The other in-
terferometer is used to determine the direction of accumu-
lation. Figure 7 plots the transfer functions for both inter-
ferometers. Both MZIs map the input signal to an output
intensity between 0 and 1 (light intensity cannot be nega-
tive). The transfer functions are the same except for the dc
bias 6, which is added to the phase shift. For the MZI
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Fig. 7 Transfer characteristic of the MZI.

controlling the magnitude of the signal, #=7. The MZI
controlling the direction of accumulation has 8=~ /2.
From the transfer functions, the output values for mag-
nitude range from O to 0.5 and are symmetric about the
input value of zero. The output values for the direction
range from O to 1. The accumulator comparator threshold
voltage is normalized at 0.5 volts. The detected direction
intensity from the MZI is compared to the normalized
threshold to determine whether the intensity from the mag-
nitude MZI accumulates upward or downward. The recir-
culating fiber lattice structire accumulates downward if the
output of the interferometer is less than 0.5 and upward for
values greater than 0.5. Thus the detector, comparator and
optical recirculator serve to function as an accumulator.

3.1.2 Fiber lattice structures

Fiber optic lattice structures incorporating single-mode fi-
bers and directional couplers are used to instrument the
accumulators. These fiber structures can be used to perform
various frequency-domain functions such as matrix opera-
tions and frequency filtering.!” Two structures basic to fiber
signal processing include the two-coupler nonrecirculating
and the two-coupler recirculating delay lines. For design of
the optical £A modulator, a recirculating feed-backward
fiber lattice structure is utilized for the accumulator. The
generalized form of a two-coupler, 4-port recirculating fiber
delay line is shown in Fig. 8. Moslehi et al.'° described the

Adjustable Directional Coupier

X1 / Y2

»- Y
P o
a1l a0
Y1 X2
(== -t - -0

Fig. 8 Block diagram of a recirculating fiber optic lattice structure.

Optical Engineering, Vol. 35 No. 7, July 1996 1831



Pace et al.: integrated optical sigma-deita modulators

z-transform transfer matrix of this recursive structure. The
inputs and outputs are related to each other by

V;(z)}= Hy,(2) HIZ(Z)HXI(Z)} )

Yy(z)] [Hu(z) Hyplz)||X2(2)]

The transfer functions within the transfer matrix are
a;—(1-2a;)apl,z”"

Hy(z)= T—ajagl iz ! > ©)

Hy(z)= : 7

21(4)_1-‘a0a1L1z”" (7)

Hy(z)=[(1-2ap—2a,+4apa, +aja’+aj—2ala,
+ai=2alag)L iz V(1 —apa, L™, (8)
—ao—a1(1—2a0)le~1

Hp(z)= ) ©)

l“alaole_l

and describe the use of the general structure, where H,,,(z)
is the transfer function from input X, to output Y,,. Thus
H,)(z) relates the X, input and Y, output and H,(z) re-
lates the X, input and Y, output. The parameters a, and a,
are the intensity coupling coefficients of the directional
couplers and L, is the loop intensity transmittance of the
system. For convenience, L, is assumed to be 1 (no losses
in the system). The accumulator comparator voltage is then
used to bias the directional coupler @, to create a phase
change between the two pulses to perform the accumula-
ton.

The accumulator stage in the first-order model has a
transfer function given by Eq. (2). From the transfer matrix
of the recirculating fiber lattice structure, H,(z) matches
this form, where

C=1—2ao—2a1+4aoa1+a%a%+a%—2agal+a%

—2ala, (10)
and
D=aqya, (11

are the corresponding gain values. The specific lattice con-
figuration is shown in Fig. 9(b). The coupling coefficients
ag and a, represent the percentage of light intemsity
coupled and therefore bounded between 0 and 1. The de-
sired values for C and D would be unity. However, the two
equations work against each other simultaneously as shown
in Fig. 10. Here a,=0.3 and a, varies from O to 1. Values
near the intersection of C and D provide the best results
(a;=0.5, C=0.122, D=0.15). To compensate for the small
value of C, an optical amplifier with a gain of 100 is placed
just prior to the fiber lattice structure in the accumulator
stage (see Fig. 5). Figure 11 plots the transfer characteristic
of the first-order integrated optical 2 AM. It is apparent that
the first-order system is not stable enough for accurate con-
version of the signal due to excessive limit cycles.
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Fig. 9 Block diagrams of specific fiber lattice configurations used for
electro-optic ZAM: (a) first accumuiator stage with transfer function
H,1(2) and (b) second accumulator stage with transfer function
Hix(2).

3.2 Second-Order ZAM

The block diagram for a second-order integrated optical
Y AM is shown in Fig. 12. The specific fiber lattice struc-
ture configurations used for the two accumulator stages are
shown in Fig. 9. The first stage (accumulator 1) has the
transfer function described by Eq. (1) and uses H,(z)
given by Eq. (7). The coupler coefficients are set ideally at
unity, thus the gains A and B are also set at unity. The
second stage (accumulator 2) is identical to the accumulator
stage in the first-order ZAM. The coupler coefficients are
again a4=0.3 and a,=0.5 and the gain of the optical am-
plifier is now 15.

Simulation results for the second-order integrated opti-
cal ZAM are plotted in Fig. 13. The average value of the

20 40 60 80 100
Coupler Coefficient a1

Fig. 10 Plot of accumulator gains C and D as functions of a, and
a;.
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Fig. 11 Transfer characteristic of first-order electro-optic SAM.

quantizer output can be seen to track the average value of
the ramped input, as shown in Fig. 13(a). The output of the
interferometer can be seen to oscillate about the ramped
input. Figure 13(b) plots the intermediate signal values at
the input of the MZIs in the accumulator stages. These
results compare favorably to those of the all-electronic de-
sign and demonstrate the feasibility of the integrated optical
approach.

4 Oversampling Ratio and Resolution

The quantization utilized in ZAM introduces noise in the -

modulator. The quantization error e is treated as white
noise having probability of lying anywhere in the range
*A/2, where A is the level spacing (normalized units) be-
tween quantized levels. Its mean-square value is given by!

e (12)

1 r+an A2
fms=— f e? de=—.
A Joan 12

The oversampling ratio (OSR), defined as the ratio of the
sampling frequency f, to the Nyquist rate 2 f,,, is given by
the integer

OSR= £ L (13)
" 2fo 2for

The noise power in the signal band can be shown to be

-
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Fig. 13 Transfer characteristic of a second-order electro-optic
S AM: (a) 200 input sampled-data values versus the output and (b}
outputs at first and second accumulator stages.

; ms
no= f0°e2<f) df=ehnd2 o= 55 "

It is evident that oversampling reduces the in-band root-
mean-square (rms) quantization noise ng by the square root
of the OSR.

The feedback loops in the ZAM help shape the spec-
trum of the modulation noise by moving most of the noise
outside the signal band. The filters used in the loops reduce
the net noise in the signal band. The S AM subtracts the
previous value of the quantization error from the present
error. In the case of two feedback loops, the modulation
noise becomes the second difference of the quantization
error.1 The SNR for a second-order 2 AM can be predicted
from

2

no rs
— =-—(0SR) 2, (15)
A 60( )

For a second-order 2 AM, the SNR increases at 15 4B/
octave and 6 dB/bit. Thus for OSR=128 and A=2, and
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no=—97 dB. For a signal strength of 1 (i.e., O dB),
SNR=—n, =97 dB. At 6 dB/bit, this translates to 16 bits of
resolution.

5 16-Bit Second-Order Example

In this section, the design of a 16-bit, f,=1 MHz, second-
order device is detailed, There are three fundamental limi-
tations associated with digitizing wideband signals: sample
time fluctuation, interaction time (laser pulse width), and
thermal noise. These limitations limit the bit resolution B
of the A to D process. It has been shown, in terms of the bit
resclution and the maximum frequency to be digitized, that
the jitter &t satisfies!!

1
<sFzTr—-
St P, — (16)
Similarly, the pulse width, Ar satisfies
(3/23— 1)1/2
Ar<<———. (17

meax
For the condition that sampling is performed at the Nyquist

rate, i.e., fon=2 fma - the corresponding effects on the bit
resolution, from Eq. {16), is

logio[2/(7fsnét)]
= — - o S S
logo(2) 1= -3 "‘g< VTR )(18)

and from Eq. (17),

_logyo[ V12/(Atmfsn)]?
Bl log,0(2)

(19)

Equations (18) and (19) are shown plotted versus the Ny-
quist sampling frequency in Fig. 14 for §r=2.4 ps, Ar=3
ns and 6r=0.2 ps, At=100 ps. These values correspond to
our 16-bit example, and the capabilities of today’s commer-
cial off-the-shelf mode-locked lasers, respectively.

To demonstrate the limitation created by thermal noise,
a thermal noise power'?

P,=4kTf nax (20)

is assumed. The ratio of signal power across a reference
resistor R to noise power can then be evaluated according
to

S (%
\_JV,] dB-— 10 log RP,"

21

After taking a reference voltage with unity rms and a ref-
erence load resistance of R =50 Q, it follows after letting"?

/Sj —6B+2 (22)
\N/

that
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B=—1—{1010g(

1
6 100ka5>1;!

.
-2, (23)
d
where again we have taken fp..=fsw/2. For purposes of
comparison, Eq. (23) is also plotted in Fig. 14. For any
given system, the bit resolution is limited by the effect
(thermal, jitter, interaction time) that has the lowest value
in Fig. 14. For our example, a 1-MHz signal having a Ny-
quist rate of 2 MHz can be digitized with 16 bits of reso-
lution as long as the jitter <2.4 ps, and the pulse width is
<3 ns. Since the guidelines, Egs. (16) and (17), are funda-
mentally only dependent on the bandwidth (BW) of the
signal being sampled, the jitter and interaction time limita-
tions can be extracted from Fig. 14 for the Z—A design.
For second-order 2 —A designs it is well known that the
OSR must satisfy

[ .15 -0.4
OSR= \%25 107 % *2”'20} : (24)
For B=16, an oversampling ratio of 132 results. Therefore,
the pulses from the sampling laser must have a pulse rep-
etition frequency of f,=264 MHz. The other significant
specifications are obtained from Fig. 14. Note that these
requirements are well within the capabilities of commercial
off-the-shelf lasers.

A farther consideration in the coherent fiber lattice
structure is the round trip delay time 7 of the recirculating
lines. Since the constructive/destructive interference (inte-
grate up/integrate down) depends on combining pulses in
phase or out of phase, the length of fiber is important. For
the 16-bit example, 7=1/f,=3.8 ns. In terms of the index of
refraction of the single mode fiber # and the speed of light
¢, the delay time is 7=L(n/c) (Ref. 14). With n=1.48, the
required length of fiber for a 3.8 ns delay is L=0.77 m.

To compensate for the lattice filter coefficient C=0.122,
an erbium-doped fiber amplifier (EDFA)} with a gain of 15
is used. This gain value is in the linear region of the EDFA
gain versus pump power characteristics (amplifier pumping
efficiency), which permit changing the power gain by elec-
tronic means.

6 Conclusions

The ZA oversampling A/D modulator architecture uses
limit cycles in quantized feedback loops to provide an ac-
curate digital representation of the input signal. The
second-order 2 AM provides a stable and robust design that
is highly tolerant of circuit imperfections and component
mismatch. The major limitations of this method are fast
¢ycle times and bandwidth. The use of fiber optic technol-
ogy eliminates these limitations. An integrated optical
second-order 3A architecture allows the processing of
wideband rf signals. The integrated optical ZAM design
presented in this paper is a fairly straightforward extension
of the electronic design using standard integrated optical
devices. Current simulation results confirm design feasibil-
ity.
Future efforts include further optimization of the current
integraied optical design. Modifications may include the
possibility of optimizing the magnitude and direction of
each accumulation stage using only one interferometer. The
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Fig. 14 Fundamental limitations in sampling wideband signals.

accumulation stages of the integrated optical ZAM are
modeled by fiber lattice structures with similar system
transfer functions. More rigorous modeling of these delay
line structures and analysis of the optical amplifiers are
needed for future hardware implementation. Since the out-
put of the modulator represents the input signal together .
with modulation noise, there is still a need to decimate the
moedulated signal. A multistage decimation is needed to
lower the word rate and remove high-frequency modulation
noise before the signal is resampled at the Nyquist rate.
Design issues to be studied include nonlinearities associ-
ated with interferometers, stability of the accumulator
stages, effects of net gains in the feedback loops, and the
effects of modulation noise and oversampling frequency
(OSR) on bit resolution.
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